Abstract. In this work, we introduce a synthesis method for a nanofiber membrane made of polyacrylonitrile and verify its filtration efficiency with micron-size particles. The polyacrylonitrile nanofiber membrane was produced by electro-spun technique with a thickness less than 0.2 mm. The filtration experimental result from micron-size particle penetration proved that after 60-min deposition, the polyacrylonitrile nanofiber membrane successfully filtrated ~99% micron-size particles in solution. We found that uniform morphology, consistent nanofiber diameter without disordered beads will lead to a better filtration performance. It also demonstrated a relatively stable chemical properties in acid solution, and this finding will provide a low-cost, environmentalfriendly and straightforward filtration approach for future PM2.5 elimination in an aqueous and harsh environment.
Introduction
The air pollution in China, especially inhalable particles with diameters less than 2.5 micron meters (PM2.5), has attracted wide concern by Chinese citizens and the press [1] . Some evidence suggests that exposure to PM2.5 can cause lung cancer and make pregnant women to have low weight babies [2] . Hence, long-time exposure in PM2.5 atmosphere will potentially increase the possibility of lung morbidity as well as mortality. These PM2.5 particles are mainly produced by industrial coal use and combustion of fossil fuel by transportation vehicles [3] . However, as no alternative energy source has been developed, it is difficult to reduce the PM2.5 by simply cutting off the coal consumption [4] . A practical method is to filter the micro-particles via porous fibers before the combustion gases have been emitted to the air.
At this time, several electro-spun polymer nanofibers have been developed to filter the micronsize particles. Different approach of reducing PM2.5 in public are commonly focused on outdoor elimination, such as mask filter, individual protection, as well as air exchange. Polyvinyl alcohol (PVA) and polyethylene oxide (PEO) have been used to produce the nanofibers for filtration applications [5] , [6] . However, the PVA materials are soluble in water, which limits their use for large-scale applications in open air. On the other hand, PEO is explosive and a biological hazard. Thus, it is not suitable for high-temperature applications and can lead to potential secondary pollution. Some research used polyactide (PLA) for electrospun deposition, but this is not stable enough in a high-temperature environment [7] . Industrial nanofibers used for applications in the real environment should be insoluble with a high melting point, biocompatible and convenient for mass-production. In addition, coal combustion always contains an emission of SO2 and NOx, which can be mixed with water in air and then oxidized to SO 3- and NO 3- [8] . Therefore, the nanofibers should also be chemically stable within an aqueous acid environment. Recent techniques on nanofibers have focused on applications of polyacrylonitrile (PAN) based materials with electrospun nanofibers because of their excellent mechanical and chemical stabilization properties [9] , [10] . In this paper, we developed a PAN nanofiber membrane and studied its filtration ability for micron-size particles. The stabilized PAN nanofibers membrane is insoluble and chemical stable in water or under a temperature of 500˚C in air [11] , [12] . Besides, it is chemically inert after stabilization in an acid solution and is biocompatible to human beings, which ensures it will not cause a secondary biological hazard [13] , [14] . Because of its biological compatibility, the PAN fiber has been widely used in medical prostheses, tissue template, wound dressing, drug delivery, cosmetics, as well as protective clothing [15] .
Experiment
The electrospun deposition process of PAN is shown in FIG.1. PAN powder with an average molecular weight of 150,000 from Scientific Polymer Products was dissolved in N,Ndimethyformamide (DMF) solvent purchased from Fisher Scientific [16] . A homogeneous PAN solution with a concentration of 15% (weight/volume) can be achieved after a 3 hour ultrasonication (Hielscher UP400S) in air. Then, the prepared PAN solution was transferred into a 20 mL syringe (Just Fusion TM, NE-300), which connected to a metallic needle with an inner diameter of 0.495mm. The solution was then squeezed out of the needle tip using a syringe pump. The eject flow rate was set to 15 ml/h and a voltage of 15 kV was then applied between the jet needle and an Al foil (top-to-collector distance: 20 cm). The nanofiber would lie onto the substrate and the voltage was adjusted to control the deposition thickness. Three samples were then collected from the Al foil after 20 min, 40 min, and 60 min, labeled as S20, S40, and S60 respectively. The diameter of the deposited PAN effective area is ~6 cm. The TEM image of stabilized PAN nanofiber is shown on FIG.2. All the nanofibers demonstrated a uniform diameter without beads or other impurities on the outer surfaces. Then all the three samples were transferred to a furnace and annealed to remove all the residual DMF solvent. The carbonization process required two-steps: one to heat the PAN nanofiber membrane in air around 280 ºC for 30 min, the other to heat the membrane in an inert gas atmosphere (Ar/N2) at 800 ºC for 4 hours. In the first step a ladder structure was formed; therefore, the chain scission and relaxation could be avoided during the subsequent carbonization step [17] . For the second carbonization step the higher temperature was used, which led to a formation of higher strength and high modulus carbon fibers [18] .
FIG.3.
FTIR results of PAN nanofiber membrane before/after stabilization process. The C=N peak vanished after stabilization process, indicated that DMF had been totally removed from the PAN nanofiber membrane. The FTIR spectra was measured by Thermofisher Scientific Co. Nicolet 380.
The Fourier transform infrared (FTIR) spectra exhibited obvious peaks at 2938 cm -1 , 2243 cm -1 , 1452 cm -1 , 1359 cm -1 , and 1253 cm -1 , which corresponded to C-H stretching, C=N, and various aliphatic C-H groups, respectively (as shown in FIG.3) . The peak at 1666 cm -1 is attributed to the C=O group, which originated from the residual DMF solvent [19] . The vanished peaks proved that DMF had been totally removed throughout the stabilization process. The electrospun PAN fibers before and after the stabilization process were characterized with SEM (JEOL, JSM-700F), as shown in FIG.4 . After annealing, the PAN nanofiber construction remained the same as before while its morphology became smooth. The average diameter of the PAN nanofiber was ~600 nm for as-deposited samples. Meanwhile, the average diameter shrank 50~70 nm after stabilization (count 100 fibers).
FIG.4. SEM images of
Electrospun PAN nanofiber membrane (S20) before (upper figure) and after (lower figure) stabilization in ambient gas.
Experimental Analysis and Discussion
We also proposed a novel and safe method to quantitatively calculate the filtration efficiency of PAN nanofiber membrane. To simulate a near-ideal PM2.5 filtration process, a micron-size diamond particles (MD) suspension was prepared. The diamond particles with a diameter of ~2 μm were purchased from Logitech Ltd. The MD suspension (as shown in FIG.5 ) was prepared at 0.2 mg/L and then sent to an ultrasonic bath for 30 mins. The reason that MD particles were used for the test is due to their proper particle diameter (~2 μm) and their insolubility in liquid. In addition, the MD particles are completely made of carbon, which is similar to the main composition of inhalable PM2.5 particles [9] . On the other hand, micron/nano-size diamond particles have been proved to be nontoxic and biologically friendly and thus safe for the experiment operator in particle filtration [20] .
FIG.5. Photograph of MD solution after electro-spun PAN nanofiber filtration (from left to right):
average 2 μm MD particles in water suspension; the suspension after filtration by: S20; S40; S60.
Afterwards, the MD suspension was suction filtrated throughout the stabilized electro-spun PAN nanofiber membrane. The stabilized PAN nanofiber membrane was fixed at the top of the flask, and the suspension after filtration could be collected, as shown in FIG.5. Comparing the MD suspension before and after filtration it is obvious that the MD suspension turned to clear through visible observation. All the PAN nanofiber membranes after filtration were characterized by SEM, as shown in FIG.6 (a)-(c) . All the images were taken by SEM (JEOL, JSM-700F) with an acceleration voltage of 20.0 kV. It is obvious that no beads were found on the PAN nanofibers and MD particles were blocked on the network. In addition, the PAN nanofibers demonstrated an excellent adhesive ability on the particles because of their electrostatic force [21] . To determine the purification efficiency quantitatively a particle size analysis (PSA) machine (Malvern Mastersizer 2000) was used to characterize the particle size distribution in the purified liquid. Through laser diffraction analysis, it is possible to measure particle sizes between 0.02 and 2000 μm in a certain suspension liquid. The measurement used DI water with a constant amount of 20-50 micron-size particles as a reference background signal. The MD suspension and the samples after filtration were dripped into the tank (approximately 0.1~0.2 mL per test). The PSA results of the particle size distribution are shown in FIG.7 , and all the data have been normalized to the same amount of 20-50 micron-size particles. It is obvious that diluted MD suspension has a significant distribution peak at ~2 µm, but it vanishes after S20, S40, and S60 membrane filtration. By integrating the corresponding area, the percentage of 1~10 µm particles can be deduced. Quantitative analysis proved that the filtration efficiency of S20, S40, and S60 were ~95%, ~97%, and ~99% respectively. A thicker membrane will lead to a better filtration efficiency, while the suction pressure and time will be increased as well. Comparing with recent report, the PAN nanofiber membrane has a better performance on filtration efficiency because of its uniform morphology, consistent diameter distribution and ordered structure in a thin layer [9] . To verified the chemical stability of PAN nanofiber membrane, electrochemical properties was characterized in sulfuric acid environment with Autolab 320N electrochemistry station (2M H2SO4 solution). The electrochemistry impedance spectroscopy (EIS) exhibited a semicircle in highfrequency with a 45° tail to low-frequency range, as shown in FIG.8 . The corresponding equivalent circuit has been extracted to be a standard Warburg element as well as a constant phase element (CPE) mixing system. Deduced from the high frequency range, the diameter of the semicircle indicated that the conductance of the PAN nanofiber membrane was lower than 100 ohmic. The extremely low resistance indicates that the PAN nanofiber has been thoroughly carbonized. The cyclic voltammetry (CV) was performed with scan rate of 5 mV/s for 5 rounds. There were inconspicuous oxidization/reduction peaks on CV curves, which proved that materials were relative chemical stable in an acid solution. The PAN nanofiber membrane demonstrated a stable chemical properties in 2M sulfuric acid solution by EIS and CV measurement, which enable its future applications in strong acid and aqueous environment [19] .
FIG.8. Electrochemical properties of PAN nanofiber membrane in acid solution.
Upper: EIS spectra; Lower: Cyclic voltammetry. Electrolyte: 2M H2SO4.
For future investigations, a deposition on fabric materials will be a feasible approach to provide a sustain structure, and then for large area coverage applications. Besides, the PAN nanofiber membrane has an unexpected low resistance after stabilization, which enable its electrostatic adhesion ability to micron-size particles under a constant applied voltage [22] . 
Theoretical Analysis
To evaluate the filter performance of PAN nanofiber membrane, a theoretical model has been proposed. According to Darcy's law, the relationship of pore size and fiber size can be expressed as [23] :
where D is the fiber diameter, d is average pore size, c is network density and f (c) is a function of c and deposition thickness L. The efficiency of filtration η is written as [24] Equ.4
The theoretical calculation proves that the particle penetration through the electrospun filters are strongly dependent with filter thickness, filter quality, filter diameter, as well as the web density. The filtration performance of PAN nanofiber membrane was significantly improved when comparing with commercial filter, which could be attributed to the high degree of uniformity in the volume.
Summary
In this paper, we have proposed an electro-spun method to produce ultra-thin PAN membrane for micron-size particle filtration. The synthesis facilities are simple and low-cost, while the whole process is fast, environmental friendly and straightforward. We also established a novel standard and a new simulation approach to quantitatively confirm the filtration efficiency, which can be further applied in all the similar materials. The final product is ultra-thin, bio-compatible and thermal stable, which can be further attached to a fabric-cloth mask. We found that nanofiber morphology, diameter will play a critical role on its filtration performance. Future research will focus on its combination with sustain structures, as well as other advanced materials. The final goal is to apply it in an integrated system for real-time PM2.5 filtration. 
